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The ability to achieve near-unity light extraction efficiency is necessary for a truly
deterministic single photon source. The most promising method to reach such high
efficiencies is based on embedding single photon emitters in tapered photonic waveg-
uides defined by top-down etching techniques. However, light extraction efficiencies
in current top-down approaches are limited by fabrication imperfections and etching
induced defects. The efficiency is further tempered by randomly positioned off-axis
quantum emitters. Here, we present perfectly positioned single quantum dots on the
axis of a tailored nanowire waveguide using bottom-up growth. In comparison to
quantum dots in nanowires without waveguide, we demonstrate a 24-fold enhance-
ment in the single photon flux, corresponding to a light extraction efficiency of 42 %.
Such high efficiencies in one-dimensional nanowires are promising to transfer quantum
information over large distances between remote stationary qubits using flying qubits
within the same nanowire p-n junction.
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The ability to achieve near-unity light extraction efficiency is necessary for a truly deter-
ministic single photon source and would revolutionize the fields of quantum computation,1
quantum cryptography2 and quantum optics.3 Recently, significant progress has been made
toward achieving high efficiency single photon sources.4–9 Amongst these sources, semicon-
ductor quantum dots show particular promise since they can be embedded in devices en-
abling electrical injection, while maintaining efficient light emission.10,11 The most frequent
approach to enhance the light extraction efficiency η of a single photon source, defined as
the fraction of photons collected by the first lens, is to embed the quantum dots in micro-
cavities and utilize the Purcell effect when the exciton emission is resonant with a cavity
mode. However, to reach a high efficiency, a high quality factor and low mode volume is
required, which therefore limits the bandwidth to a fraction of a nanometer in wavelength.3
Moreover, η is further limited due to losses such as fabrication imperfections or absorption
losses in the cavity.12
A more recent approach that overcomes the narrow bandwidth limitation of microcavities
and thus allows for broadband spontaneous emission control is based on tapered photonic
waveguides.6 In that work, the tapered photonic waveguides were achieved by etching a
GaAs wafer containing multiple InAs quantum dots. The light extraction efficiency was
increased by optimizing the photonic waveguide diameter to maximize the amount of light
emitted from the quantum dot into the fundamental mode of the waveguide as compared to
higher-order modes, and by tapering the waveguide tip to minimize total internal reflection
at the semiconductor-air interface.6 Such reflections were avoided due to a smooth reduction
in the effective refractive index towards the nanowire tip and adiabatic expansion of the
fundamental mode during propagation. An additional advantage of the nanowire taper is the
good directionality of photon emission from the nanowire, which allows for efficient collection
by a commercial objective.6 However, due to the random positions of the quantum dots,
there are multiple dots in each individual etched waveguide. Consequently, the quantum
dots are not likely to be found exactly on the waveguide axis, which diminishes the coupling
of the emitter to the fundamental waveguide mode, thus drastically reducing the overall
light extraction efficiency.13
In this work, we increase the light extraction efficiency of a quantum dot emitter in
a tailored nanowire waveguide using a bottom-up growth approach through independent
control of both the nanowire shape and quantum dot location. Under the appropriate
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growth conditions, we have positioned a single InAsP quantum dot exactly on the axis
of an InP nanowire waveguide with a very small tapering angle towards the tip (α = 2◦).
Our bottom-up approach has the potential to reach near-unity light extraction efficiency
(η = 97%), assuming a perfect mirror below the nanowire, a 1◦ nanowire taper and high
coupling of the quantum emitter into the fundamental waveguide mode compared to higher
order modes (i.e., β-factor of 0.95) for a quantum dot emitter on-axis of the nanowire
waveguide.14 Single, on-axis quantum emitters and reduced tapering angles are possible with
our nanowire tailoring bottom-up growth technique and out of reach of current top-down
etching techniques.6,15
RESULTS
Tailored nanowire waveguide geometry using bottom-up growth.
Fig. 1(a) shows an SEM image of our tailored nanowire waveguide with nanowire diameter
of 200 nm, length of 11.2µm and 2 ◦ taper at the tip. Each individual nanowire contains, by
design, a single quantum dot exactly on the nanowire axis. To achieve such a high level of
control, we first grow the nanowire core, which consists of a thin segment of InAsP (quantum
dot) embedded in an InP nanowire. At this stage, the nanowire and quantum dot have a
diameter that is approximately equal to the size of the gold particle (∼ 20 nm) used as a
catalyst in the vapour-liquid-solid growth mechanism. After growth of the quantum dot
and nanowire, the temperature is increased in order to suppress axial growth and favor shell
growth. The final result is a waveguide section at the quantum dot position and a very
small nanowire taper towards the tip (see Methods). These two effects combined together
are used to efficiently extract the light of our single photon emitter.
Since single photons emitted by the quantum dot can travel both directions in the
nanowire waveguide, losses can be reduced by adding a metallic mirror at the nanowire
base to reflect downward emitted photons. As our growth technique does not allow for
growth of nanowires on top of a metallic mirror, we have integrated a gold mirror at the
nanowire base by transferring them into a flexible and fully transparent polydimethylsilox-
ane (PDMS) polymer film as sketched in Fig. 1(b). The first section of the nanowire before
quantum dot growth exhibits a small tapering angle of 0.4◦, whereas the second section of
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the nanowire after quantum dot growth features a tapering angle of α = 1.5◦±0.2◦. From
SEM analysis of the as-grown nanowire sample, the nanowire diameter that surrounds the
quantum dot was determined to be 160–220 nm. We conclude from finite-difference time-
domain (FDTD) simulations of InP nanowires, to be presented later, that the most efficient
coupling of quantum dot emission into the fundamental mode in the nanowire waveguide
for emission wavelength, λ of 950 nm occurs for a nanowire diameter, D of 220 nm (i.e.,
D/λ = 0.23).
A photoluminescence (PL) spectrum from a single InAsP quantum dot in an InP tapered
nanowire is presented in Fig. 1(c). Such behaviour illustrates a significant advantage of
quantum dots in nanowires16–19 as compared to randomly grown quantum dots by the self-
assembly growth process.4–6 Since the nanowire contains only a single quantum dot by
nature of the bottom-up growth process, the observed PL spectrum exhibits only emission
from a single quantum dot over a large energy range, originating from exciton and biexciton
recombination. The broad emission peak at higher energy originates from the InP nanowire.
Most important is the natural location of the quantum dot on the nanowire axis, which
therefore couples to the optical field of a waveguide more efficiently than randomly positioned
quantum dots.6,13
We verify that the quantum dot is exactly positioned on the nanowire waveguide axis
by high resolution scanning transmission electron microscopy (STEM) images, as well as
analysis of the chemical composition, presented in Fig. 2(a-c). As it is very difficult to image
the quantum dot when surrounded by a thick shell of approximately 200 nm, a nanowire
sample with a thinner shell of approximately 100 nm is measured. The STEM image in Fig.
2(a) is used to exhibit the thickness of the core and shell. Fig. 2(b) shows the same STEM
image as in Fig. 2(a), but now using contrast/brightness settings optimized for visibility
of the quantum dot. The quantum dot is of the pure wurtzite structure without stacking
faults. From the resulting image, a quantum dot height of 7± 1 nm and diameter of 20 nm
is obtained.
Confirmation of the quantum dot location is established by performing an energy-
dispersive X-ray (EDX) spectroscopy line scan along the nanowire growth axis, indicated by
the arrow in Fig. 2(b). The results of the EDX line scan are shown in Fig. 2(c), which shows
an increase in the As concentration at the location of the quantum dot we infer from Fig.
2(b). By subtracting the contribution of the shell around the quantum dot, we conclude
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that the As concentration of the quantum dot is 12.5 atomic %, corresponding to a chemical
composition of InAs0.25P75 (see Methods).
Single photon collection efficiency.
A gold mirror is integrated at the nanowire base by transferring the nanowires into PDMS,
followed by metal evaporation (see Methods and Fig. 3(a)-(e) for details). An SEM image of
the as-grown sample is shown before (Fig. 3(f)) and after (Fig. 3(g)) the nanowire transfer
process. Since only the thick nanowire bases are left in Fig. 3(g), we conclude that 100 %
of nanowires are transferred successfully into PDMS. The wires in Fig. 3(f) that appear to
be lying on the substrate are a small fraction of wires that are kinked and continue to grow
along other crystallographic directions instead of the normal (111).
We characterize the collection efficiency enhancement of our single photon emitter
through PL studies under pulsed laser excitation at a repetition rate of 76 MHz. Pulsed
excitation provides a good estimate of the extraction efficiency since it is expected that
the quantum dot returns to the ground state and cannot emit until the next excitation
pulse. Power dependent PL spectra for a single quantum dot after transfer into PDMS and
integration of the bottom gold mirror are shown in Fig. 4(a). At low excitation power,
the main PL peak observed at 1.409 eV is attributed to the neutral exciton (X) involving
electron-hole recombination in the quantum dot s-shell. Further increase of the excitation
power results in biexciton (XX) emission, 3 meV above the exciton line. In our nanowire
samples, the biexciton emission can appear either above17 or below20,21 depending on the
dot height. Both exciton and biexciton are identified by the observed linear and quadratic
power dependence, respectively, as shown in Fig. 4(b). The identification of exciton and
biexciton was further verified in other quantum dots on the same sample that exhibit a
fine-structure splitting. Typical fine-structure splittings of the order of 30µeV are observed
for InAsP quantum dots in nanowires.17 The singly charged exciton, X−, is 4 meV below
the exciton line and was determined from the observed linear power dependence in Fig. 4(b)
and electric field measurements of dots in nanowires studied in earlier work.20,21
The brightness of our single photon source is presented in Fig. 4(b), which shows the
integrated count rate from Fig. 4(a) as a function of excitation power. At saturation, the
integrated count rate of the single exciton line measured on the CCD detector is 236,000
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counts per second. The measured count rate is a factor of 24 times brighter than previously
reported on InAsP quantum dots in InP nanowires.17 Taking into account the measured
collection efficiency of our experimental setup (∼ 1 %), a single photon flux at the first lens
of 24 MHz is estimated. This estimation results in a light extraction efficiency, η of our single
photon emitter of ∼ 30 %, corresponding to 0.3 photons per pulse arriving at the first lens.
We note that since there is a competition between the charged exciton and neutral exciton
states in the observed PL emission spectra, we in fact underestimate the efficiency of the
nanowire waveguide. From the integrated intensity at saturation (Fig. 4(b)), we estimate
that approximately one-quarter of the time an electron is captured into the quantum dot
resulting in recombination of the charged exciton instead of the neutral exciton. Taking
into account the competition between recombination of charged exciton and neutral exciton
states, our estimated collection efficiency of the nanowire waveguide is 42 %. The deviation
from the expected 71% when assuming a 2 ◦ nanowire taper may be due to several factors
such as the quality of the gold mirror, internal quantum efficiency of the quantum dot, and
unwanted reflections at the PDMS-air interface. The main source of discrepancy between
the theoretical and measured η is due to the quality of the gold mirror. If we assume a
modal reflectivity for the guided mode on the mirror of 30 % with D/λ = 0.22 according
to calculations by Friedler et al.,22 and 4% total internal reflection losses at the PDMS-air
interface, the expected η matches the measured 42 % for a quantum dot internal quantum
efficiency of 95 %. In order to approach the theoretical η of 71 %, the modal reflectivity
of the guided mode on the mirror may be improved by adding a thin dielectric between
the mirror and semiconductor nanowire as suggested by Friedler et al.,22 while losses at the
PDMS-air interface can be diminished by using silica aerogel with an index of refraction
close to 1.
In Fig. 4(c), we demonstrate single photon emission by filtering the single X line close
to saturation and perform photon correlation measurements in a standard Hanbury-Brown
and Twiss setup. The second order correlation function g(2)(τ) indicates strong multi-
photon suppression evident by the absence of coincidence counts at zero time delay and
is a signature of single photon emission. We measure g(2)(0) of 0.36. Taking into account
the finite time response of the Si avalanche photodiodes, we obtain g(2)(0) of 0.12. The
remaining contribution to g(2)(0) is due to background photons that originates from the tail
of the InP nanowire emission. We have thus subtracted this background emission from our
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measured photon fluxes to estimate the collection efficiencies.
Modeling of fundamental mode in nanowire waveguide.
Finite-difference time-domain (FDTD) simulations were performed using a nanowire
waveguide geometry similar to the experimentally investigated nanowires in order to quan-
tify the light intensity enhancement due to the presence of bottom gold mirror that replaces
the InP substrate during the nanowire transfer process. The results of these calculations,
excluding PDMS, are shown in Fig. 5(a) for a nanowire on an InP and gold substrate.
In both cases, the intensity profile is plotted for a two-dimensional cut along the nanowire
growth axis for an in-plane electric dipole emitter, which is used to represent a flat quantum
dot in III-V nanowires.23 In each case, a standing wave of the fundamental mode HE11 is
observed between the emitter and substrate for a nanowire diameter of 200 nm and emis-
sion wavelength λ of 950 nm. The emitter location has been optimized by positioning it at
one of the antinodes of the electric field. It is very important that the reflected light from
the downward emitted photons is in-phase at the emitter position so that they interfere
constructively. The light intensity at the nanowire end is determined from the simulations
for a numerical aperture of 1 and increases by a factor of 2.7 with the addition of a gold
substrate as compared to InP only. The increase in light emission at the nanowire end with
gold substrate is evident of Fig. 5(a). Including PDMS in Fig. 5(b), the light enhancement
of 2.7 is reduced to 2.4 as the effective index of refraction surrounding the electric dipole is
modified. The deviation from the intuitive factor of 2 is because the presence of the gold
mirror modifies the electromagnetic environment of the quantum emitter. As a result, the
single photon flux is increased due to a shortening of the quantum dot exciton radiative
lifetime for a quantum dot positioned at the electric field anti-node.13
In the following, we optimize the calculated light extraction efficiency, η, at the nanowire
end for a numerical aperture (NA) of 1 by modifying the nanowire diameter with (red circles)
and without (black squares) PDMS on top of a gold substrate (Fig. 5(b)). The optimum η
only shifts from D/λ of 0.23 without PDMS to D/λ of 0.25 with addition of PDMS as the
effective refractive index of PDMS (n=1.5) is slightly larger than air. These D/λ values are
within the range of nanowires investigated in this work, indicated by the shaded region in
Fig. 5(b). For comparison, we also show η without nanowire tapering in air (blue stars).
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The effect of the tapered nanowire tip results in a ∼ 2-fold enhancement in the maximum
η as compared to no nanowire taper. By varying the NA in the FDTD simulations from
1 to 0.75 (NA of our objective in experiment), there is only a reduction of ∼ 3 % in the
calculated η due to the good directionality of photon emission from the nanowire taper.
Collection efficiency enhancement.
In Fig. 6, we demonstrate an enhancement of the single quantum dot PL intensity
with our tailored nanowires in comparison to non-tailored nanowires. The comparison is
made for our brightest quantum dot obtained for three different nanowire geometries: no
waveguide (Fig. 6(a)); tapered nanowire waveguide (Fig. 6(b)); and tapered nanowire
waveguide with gold mirror and PDMS (Fig. 6(c)). The single exciton (X) integrated
PL intensity exhibits a clear enhancement with optimum tapered nanowire waveguide and
further increase with integration of gold mirror in comparison to no waveguide. The main
factors that influence the observed enhancement are nanowire diameter and quantum dot
position along the nanowire growth axis. When these conditions are fulfilled, the single
photon emission flux is enhanced 20-fold with tapered nanowire waveguide and gold mirror
(Fig. 6(c)) as compared to no waveguide (Fig. 6(a)). Since we cannot measure the exact
same quantum dot for all three cases, a statistical distribution of integrated PL intensity
for the single exciton (X) line at saturation for ten quantum dots is shown in Fig. 6(d).
A clear trend in the observed distribution of integrated PL intensity is visible; however,
we observe a broader distribution using the waveguide and gold mirror as compared to no
waveguide. The broader distribution is due to the variation in the nanowire diameter and
distance of the quantum dot emitter from the mirror. From the maximum of the probability
distribution fit in Fig. 6(d), we obtain a factor of 2.4 increase in single photon emission
from the tapered nanowire waveguide and gold mirror as compared to waveguide only. The
average enhancement of 2.4 with the gold mirror and waveguide compared to waveguide
only is in excellent agreement with the theoretical predictions from Fig. 5.
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DISCUSSION
The 20-fold enhancement in single photon emission that we observe for individual quan-
tum dots in tailored nanowire geometries using a bottom-up growth approach compared
to non-tailored nanowire geometries makes future experiments in the combination of both
transport and optics more realistic. As an example, a single quantum dot embedded in a
nanowire waveguide can be coupled to an electrostatic defined quantum dot24 within the
same nanowire to coherently convert a single electron spin into the polarization state of a
photon. Coherent spin to photon conversion makes the long-distance transfer of quantum in-
formation between remote stationary qubits a possibility. Additionally, the nanowire transfer
technique presented here using PDMS is promising for the realization of efficient electrically
driven single photon sources25 and solar cells26 based on one-dimensional nanowires with
controlled shape and tapering.
Finally, we comment on possible improvements to our tailored nanowire geometry in order
to achieve light extraction efficiencies exceeding 90 % in future work. First, the quality of the
gold mirror may be improved by adding a thin dielectric layer between the semiconductor and
nanowire as suggested by Friedler et al..22 Second, the quantum dot blinking from neutral
to charged exciton states can be circumvented by precise control of the charge state with
the use of electrostatic gates positioned around an individual nanowire20,21 such that a well-
defined frequency of the single photon source is attained. Lastly, the distance between the
quantum dot and cleaved nanowire interface, and thus the gold mirror should be precisely
controlled to ensure that the quantum dot is positioned at the anti-node of the electric field.
Combining these suggested improvements with the fact that our quantum dot is always on
the nanowire waveguide axis, indeed, anticipates very high count rates to be achieved.
Methods:
Nanowire growth. InP nanowires were grown for 40 min at a temperature of 420 ◦C by the
vapour-liquid-solid (VLS) growth mechanism in a low pressure metal-organic vapor-phase
epitaxy (MOVPE) reactor. The VLS mechanism requires a metal catalyst particle. In our
case, 20 nm gold colloids were dispersed on a (111)B InP substrate. The precursors used
for InP growth were trimethyl-indium and phosphine. After 20 min of growth, an InAs25P75
quantum dot was incorporated by addition of As in the MOVPE reactor using an arsine
flux. The quantum dot height was set by the growth time (1-2 seconds), and is about 7 nm.
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After nanowire growth, the temperature was raised up to 500 ◦C to favor radial versus axial
growth. The shell growth time and temperature were carefully chosen to shape the nanowire
geometry and obtain an optimum nanowire diameter and tapering angle towards the tip.
The total length of the nanowire is typically 11–12µm, and the nanowire diameters at the
quantum dot position and the tip are 160–220 nm and 20–30 nm, respectively. As a result,
the nanowire waveguiding section at the quantum dot position has D/λ values ranging from
0.17 to 0.25 and the nanowire tapering angle at the tip is α = 1.5◦ ± 0.2◦.
Quantum dot composition. The As concentration of the quantum dot is confirmed
by independent measurements based on the resulting intensities obtained from the high
angle angular dark field (HAADF) STEM images presented in Fig. 2. At the position
of the quantum dot, the brightness after background subtraction is 2.8 % higher. Since
the HAADF intensity scales with tZ , where t is the local sample thickness and Z is the
atomic number, thus, the composition can be determined. The total brightness consists of
both the core and shell contributions. Using the HAADF intensity, I = tZ1.7average, where
Zaverage = {ZIn + xZAs + (1− x)ZP}/3, we find that x = 0.26± 0.06, which is in excellent
agreement with the quantum dot composition of InAs25P75 obtained from the EDX results.
Single quantum dot PL. Individual nanowires were isolated for single quantum dot
PL by using a low density colloid solution (∼ 0.3µm2). The single quantum dot PL was
measured in a standard micro-photoluminescence (PL) setup using non-resonant continuous
excitation at wavelength of 532 nm and laser spot size of ∼ 1µm. In the measurements to
characterize the light extraction efficiency, a 3 ps pulsed Ti:sapphire laser with repetition rate
of 76 MHz and wavelength of 744 nm was utilized. The nanowires containing quantum dots
are cooled down to 10 K in a continuous flow cryostat and the emitted photons are collected
by a microscope objective with NA of 0.75. A flip mirror is used to direct the emitted
photons either to a Hanbury-Brown and Twiss setup for photon correlation measurements
or to a spectrometer with a nitrogen cooled Si CCD detector for spectral analysis.
PDMS film. The preparation of the polydimethylsiloxane (PDMS) polymer solution
consists of mixing a polymer base and a curing agent with a weight ratio of 10:1. The
polymer used is Sylgard 184 PDMS elastomer kit from Dow Corning. The uncured polymer
was diluted with methylene chloride (0.5 g/ml) in order to decrease the viscosity of the
polymer and enable the realization of thin films by spin coating the polymer solution on the
nanowire substrate.27 Using a spin coating speed of 6000 rpm for 1 minute, a 10µm layer of
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PDMS was obtained. This thickness of the PDMS film is comparable to the length of the
nanowires. After depositing the PDMS film, a waiting time of 15 hours was used to allow
the polymer to set. This process improved the peeling of the polymer film containing the
nanowires after curing at 125 ◦C for 20 minutes.
[1] Knill, E., Laflamme, R., and Milburn, G. J. A scheme for efficient quantum computation with
linear optics. Nature 409, 46–52 (2001).
[2] Gisin, N., Ribordy, G., Tittel, W., and Zbinden, H. Quantum cryptography. Rev. Mod. Phys.
74, 145–195 (2002).
[3] Strauf, S. Quantum optics: Towards efficient quantum sources. Nature Photon. 4, 132–134
(2010).
[4] Pelton, M., Santori, C., Vuckovic´, J., Zhang, B., Solomon, G. S., Plant, J., and Yamamoto,
Y. Efficient source of single photons: A single quantum dot in a micropost microcavity. Phys.
Rev. Lett. 89, 233602 (2002).
[5] Strauf, S., Stoltz, N. G., M. T. Rakher, L. A. C., Petroff, P. M., and Bouwmeester, D. High-
frequency single-photon source with polarization control. Nature Photon. 1, 704–708 (2007).
[6] Claudon, J., Bleuse, J., Malik, N. S., Bazin, M., Jaffrennou, P., Gregersen, N., Sauvan, C.,
Lalanne, P., and Ge´rard, J. M. A highly efficient single-photon source based on a quantum
dot in a photonic nanowire. Nature Photon. 4, 174–177 (2010).
[7] Dalacu, D., Mnaymneh, K., Sazonova, V., Poole, P. J., Aers, G. C., Lapointe, J., Cheriton,
R., SpringThorpe, A. J., and Williams, R. L. Deterministic emitter-cavity coupling using a
single-site controlled quantum dot. Phys. Rev. B 82, 033301 (2010).
[8] Babinec, T. M., Hausmann, B. J. M., Khan, M., Zhang, Y., Maze, J. R., Hemmer, P. R., and
Lonc, M. A diamond nanowire single-photon source. Nature Nanotech. 5, 195–199 (2010).
[9] Lee, K. G., Chen, X. W., Eghlidi, H., Kukura, P., Lettow, R., Renn, A., Sandoghdar, V., and
Go¨tzinger, S. A planar dielectric antenna for directional single-photon emission and near-unity
collection efficiency. Nature Photon. 5, 166–169 (2011).
[10] Heindel, T., Schneider, C., Lermer, M., Kwon, S. H., Braun, T., Reitzenstein, S., Ho¨fling, S.,
Kamp, M., and Forchel, A. Electrically driven quantum dot-micropillar single photon source
with 34 percent overall efficiency. Appl. Phys. Lett. 96, 011107 (2010).
11
[11] Gregersen, N., Nielsen, T. R., Mørk, J., Claudon, J., and Ge´rard, J. M. Designs for high-
efficiency electrically pumped photonic nanowire single-photon sources. Opt. Express 18,
21204–21218 (2010).
[12] Barnes, W. L., Bjo¨rk, G., Ge´rard, J. M., Jonsson, P., Wasey, J. A. E., Worthing, P. T., and
Zwiller, V. Solid-state single photon sources: light collection strategies. Eur. Phys. J. D 18,
197–210 (2002).
[13] Bleuse, J., Claudon, J., Creasey, M., Malik, N. S., Ge´rard, J. M., Maksymov, I., Hugonin, J. P.,
and Lalanne, P. Inhibition, enhancement, and control of spontaneous emission in photonic
nanowires. Phys. Rev. Lett. 106, 103601 (2011).
[14] Friedler, I., Sauvan, C., Hugonin, J. P., Lalanne, P., Claudon, J., and Ge´rard, J. M. Solid-state
single photon sources: the nanowire antenna. Opt. Express 17, 2095–2110 (2009).
[15] Gregersen, N., Nielsen, T. R., Claudon, J., Ge´rard, J. M., and Mork, J. Controlling nanowire
emission profile using conical taper. Opt. Lett. 33, 1693–1695 (2008).
[16] Borgstro¨m, M. T., Zwiller, V., Mu¨ller, E., and Imamoglu, A. Optically bright quantum dots
in single nanowires. Nano Lett. 5, 1439–1443 (2005).
[17] van Weert, M. H. M., Akopian, N., Perinetti, U., van Kouwen, M. P., Algra, R. E., Verheijen,
M. A., Bakkers, E. P. A. M., Kouwenhoven, L. P., and Zwiller, V. Selective excitation and
detection of spin states in a single nanowire quantum dot. Nano Lett. 9, 1989–1993 (2009).
[18] Heinrich, J., Huggenberger, A., Heindel, T., Reitzenstein, S., Ho¨fling, S., Worschech, L., and
Forchel, A. Single photon emission from positioned GaAs/AlGaAs photonic nanowires. Appl.
Phys. Lett. 96, 211117 (2010).
[19] Dalacu, D., Mnaymneh, K., Wu, X., Lapointe, J., Aers, G. C., Poole, P. J., and Williams,
R. L. Selective-area vapor-liquid-solid growth of tunable InAsP quantum dots in nanowires.
Appl. Phys. Lett. 98, 251101 (2011).
[20] van Kouwen, M. P., Reimer, M. E., Hidma, A. W., van Weert, M. H. M., Algra, R. E., Bakkers,
E. P. A. M., Kouwenhoven, L. P., and Zwiller, V. Single electron charging in optically active
nanowire quantum dots. Nano Lett. 10, 1817–1822 (2010).
[21] Reimer, M. E., van Kouwen, M. P., Hidma, A. W., van Weert, M. H. M., Bakkers, E. P. A. M.,
Kouwenhoven, L. P., and Zwiller, V. Electric field induced removal of the biexciton binding
energy in a single quantum dot. Nano Lett. 11, 645–650 (2011).
[22] Friedler, I., Lalanne, P., Hugonin, J. P., Claudon, J., Ge´rard, J. M., Beveratos, A., and Robert-
12
Philip, I. Efficient photonic mirrors for semiconductor nanowires. Opt. Lett. 33, 2635–2637
(2008).
[23] Niquet, Y. M. and Mojica, D. C. Quantum dots and tunnel barriers in InAs/InP nanowire
heterostructures: Electronic and optical properties. Phys. Rev. B 77, 115316 (2008).
[24] Nadj-Perge, S., Frolov, S. M., Bakkers, E. P. A. M., and Kouwenhoven, L. P. Spinorbit qubit
in a semiconductor nanowire. Nature 468, 1084–1087 (2010).
[25] Minot, E. D., Kelkensberg, F., van Kouwen, M., van Dam, J. A., Kouwenhoven, L. P., Zwiller,
V., Borgstro¨m, M. T., Wunnicke, O., Verheijen, M. A., and Bakkers, E. P. A. M. Single
quantum dot nanowire LEDs. Nano Lett. 7, 367–371 (2007).
[26] Kelzenberg, M. D., Boettcher, S. W., Petykiewicz, J. A., Turner-Evans, D. B., Putnam, M. C.,
L.Warren, E., Spurgeon, J. M., Briggs, R. M., Lewis, N. S., and Atwater, H. A. Enhanced
absorption and carrier collection in Si wire arrays for photovoltaic applications. Nature Mater.
9, 239–244 (2010).
[27] Plass, K. E., Filler, M. A., Spurgeon, J. M., Kayes, B. M., Maldonado, S., Brunschwig, B. S.,
and H. A. Atwater, N. S. L. Flexible polymer-embedded Si wire arrays. Adv. Mater. 21,
325–328 (2009).
ACKNOWLEDGMENTS
We acknowledge Andika Asyuda for contribution to the development of the nanowire
transfer technique into the PDMS polymer film and Reinier Heeres for useful discussions
pertaining to the FDTD simulations. This work was supported by the Netherlands Orga-
nization for Scientific Research (NWO), Dutch Organization for Fundamental Research on
Matter (FOM), European Research Council and DARPA QUEST grant.
Author contributions The experiments were conceived and designed by M.E.R and V.Z.
and carried out by M.E.R., G.B. and N.A. The data were analyzed by M.E.R. and G.B. The
simulations were carried out by M.B.B. The sample was developed by M.H. and E.P.A.M.B.
The manuscript was written by M.E.R. with input from G.B., N.A., M.H., M.B.B., M.A.V.,
E.P.A.M.B., L.P.K. and V.Z.
Competing financial interests: The authors declare no competing financial interests.
13
c
XX
X
P
L 
In
te
ns
ity
 (C
ou
nt
s/
s)
1.3
PL energy (eV)
1.51.4
0
10k
20k
tapered
section
QD
a b
α=2°
230-280nm
PDMS
11-12 
  μm
Gold mirror
NW
QD
FIG. 1. Tailored nanowire waveguide geometry. (a) SEM image of tapered InP nanowire
waveguide containing a single InAsP quantum dot (QD). The tapering angle of the nanowire is
α = 2◦. The nanowire breaks at the dotted line after transfer into PDMS. Vertical and horizontal
scale bar: 1µm. (b) Tailored nanowire geometry embedded in PDMS with bottom gold mirror.
The quantum dot (QD) is indicated by the red dot and, by design, is positioned on the nanowire
waveguide axis where the emission is efficiently coupled to the fundamental waveguide mode. (c)
Typical single dot PL of exciton (X) and biexciton (XX) in an individual tapered nanowire
waveguide, exhibiting a clean optical spectrum over a large energy range. The broad peak at
1.43 eV originates from the InP nanowire (NW).
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FIG. 2. Single quantum dot on the nanowire waveguide axis. High angle angular dark field
(HAADF) scanning transmission electron microscopy images confirming that the quantum dot is
perfectly positioned on the nanowire waveguide axis. Optimized contrast settings for visibility of
nanowire (NW) core and shell in (a) and quantum dot in (b). The quantum dot is recognized along
the black arrow in (b) by the contrast change from dark to bright regions along the nanowire. Scale
bar: 20 nm. (c) Energy-dispersive X-ray spectroscopy line scan along the arrow in (b) confirming
the presence of the quantum dot. The As concentration reaches a maximum of 12.5 % in the core
only, thus resulting in a chemical composition for the quantum dot of InAs0.25P0.75.
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FIG. 3. PDMS nanowire transfer method for integration of bottom gold mirror. (a)
Growth of single InAsP quantum dots embedded in InP nanowires on an InP substrate. (b) PDMS
is spin-coated and subsequently cured to obtain a thin layer (∼10µm) comparable to the nanowire
length. (c) Embedded nanowires in PDMS are removed from the InP substrate using tweezers and
a razor blade to scrape the substrate surface. (d) An 80 nm gold layer is evaporated at the nanowire
base. The red dots in (a)-(d) indicate the quantum dots in individual nanowires. (e) Optical image
of finished flexible device containing very bright single photon emitters, which are held between
two tweezers. (f,g) SEM images of the as-grown sample before (f) and after (g) nanowire transfer.
Since there are no nanowires remaining in (g), we conclude that 100% of nanowires are successfully
transferred into PDMS. Scale bar: 10µm. The insets of (f) and (g) show a magnified view of their
respective image with scale bar of 1µm.
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FIG. 4. Bright single photon emission of tailored nanowire waveguides. (a) Typical power
dependence of single quantum dot in tailored nanowire waveguide under pulsed laser excitation.
The PL spectra are offset for clarity. (b) Integrated counts of exciton (X), biexciton (XX), and
charged exciton (X−) from (a) as a function of increasing excitation power. Remarkably, the X line
saturates at values as high as 236,000 counts per second measured on the CCD detector, resulting
in a photon collection efficiency of ∼ 30%. Accounting for competition between recombination of
X− and X, we estimate an η for the nanowire waveguide of 42 %. We note that the calculated
collection efficiencies are only valid at quantum dot saturation where the generation efficiency is
maximum. (c) Second order correlation function, g(2)(τ), of single X line. The anti-bunching dip
below 0.5 is characteristic of a single photon emitter. Accounting for the finite time response of
our single photon detectors, we obtain g(2)(0) of 0.12 and X lifetime of 1.7 ns±0.1 ns.
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FIG. 5. Calculated light extraction efficiency from single quantum dot in tailored
nanowire waveguides. (a) Finite-difference time-domain simulations showing the intensity pro-
file for a 2D-cut along the nanowire growth axis. The integrated intensity at the nanowire end is
a factor of 2.7 larger on the gold (Au) substrate (right) as compared to the InP substrate (left).
The nanowire dimensions are similar to the experimentally investigated nanowires using a tapered
nanowire geometry with full-angle of α = 2◦ and nanowire diameter of 200 nm. An in-plane electric
dipole emitter is used to represent the quantum dot (QD). (b) Calculated light extraction efficiency,
η, at nanowire end using an NA of 1 for tapered nanowire surrounded by air (black squares) or
embedded in PDMS (red circles), both on top of a gold substrate. The absence of the nanowire
taper (blue stars) reduces the maximum η through reflections at the nanowire top. The shaded
region indicates the range of D/λ used in the present experiments.
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FIG. 6. Enhanced single quantum dot emission. Comparison of PL intensity for the brightest
quantum dots obtained utilizing three different nanowire geometries: (a) no waveguide; (b) tapered
nanowire waveguide; and (c) tapered nanowire waveguide + gold + PDMS. The integrated PL
intensity of the exciton (X) increases by a factor of up to 20 with the tapered nanowire waveguide
and bottom gold mirror in (c) as compared to no waveguide in (a). The inset of (a)-(c) depicts
schematically the nanowire geometry. XX: biexciton. (d) Histogram of integrated PL Intensity
of single exciton (X) peak at saturation. The y-axis represents the number of quantum dots with
measured PL intensity for a bin size of 4,000 counts/s. The dispersion of data originates from
the variable distance of the quantum dot to the mirror. The solid lines are Gaussian fits to the
probability distribution and serve as an illustration of the increased trends by our technique. Blue:
no waveguide; red: tapered nanowire waveguide; black: tapered nanowire waveguide + gold +
PDMS. Statistically, there is an observed enhancement of 2.4 with tapered nanowire waveguide
and gold mirror in comparison to no mirror, which is in good agreement with our simulations.
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